Abstract: Computational fluid dynamic modeling of a continuous rheo-casting technology was conducted, consistent with the manufacturing of 3 -thin plates made of aluminum alloy A356. The A numerical simulation on of the stabilizing time of the material crystallization was carried out using the ANSYS FLUENT code. Solidification and melting models were simulated with heat transfer and solid-liquid phase transformation involving the latent heat of crystallization were simulated. The calculated temperature distribution and the evolution of cooling rate through the material were examined and used to clarify their influence on microstructure, and further investigated with hardness testing. The thickness of the mushy zone was determined for the steady conduction solution of the continuous rheo-casting process.
INTRODUCTION
Semi-solid metal (SSM) processing has emerged as an attractive method for near-net-shape manufacturing due to its distinct advantages over conventional near-net-shape forming technologies. These advantages include lower cycle time, increased die life, reduced porosity, limited solidification shrinkage, improved mechanical properties, etc. The SSM processing techniques not only allow the production not only of complex dimensional details (e.g., thin-walled sections) usually associated with conventional high-pressure die castings, but also of high integrity castings that are currently attainable only with squeeze and low-pressure permanent mold casting. There are two primary semi-solid processing routes: thixocasting and rheocasting.
Continuing efforts to reduce processing costs have led to the development of several rheocasting (also termed slurry-on-demand) processes. These include UBE's New Rheocasting (NRC) [1] , Idra-Prince's Semi-Solid Rheocasting (SSR) [2] , THT Presses' Sub-Liquidus Casting (SLC TM ) [3] , and Alcan's Swirl Enthalpy Equilibration Device (SEED) [4] [5] , developed by ACRC/MPI. In the CRP TM is a process, where the molten metal flows through a reactor prior to casting. The role of the reactor is to ensure that a extensive nucleation takes place and that the nuclei are well distributed throughout the system, prior to entering the casting cavity.
The CRP TM has been successfully applied in to hyper-eutectic Al-Si alloys (i.e. 390 alloy) where two liquids of equal or different compositions and temperatures are mixed in the reactor and create a SSM slurry.
In 1967, Mizikar [6] introduced an approach that about involved the effect of convection currents in the heat transfer model, and a heat transfer method known as effective thermal conductivity. In this method, instead of calculating fluid flow by with the Navier-Stokes equation, an increase the in heat transfer fluid is associated with the changing thermal conductivity of the steels. The thermal conductivity between the liquid metal and the mushy zone is raised by a quantity , and the heat transfer process does not occur when the A value is 1. This method of thermal conductivity is described with Equation 1 [7, 8] , Although this method has been widely used in the heat transfer model [6, 7, [9] [10] [11] [12] for the continuous casting of steels, but a few researchers [7, 9, 10, 12] have questioned about its accuracy. The parameter A is often arbitrary and chosen to match with experiments. Karlinski et al. [7] studied the influence of parameter A (1.5-5) in the solid-liquid transition.
They found that A has only a minor influence on solidus temperature but a much more profound effect on the liquidus isotherm. Mizikar [6] and Lait et al. [9] used  = 7 for their studies. They found that there was only a slight difference for solid shell thickness, although their research was limited to only just to the mould area. In the early days of SSM and CRP developments [13] [14] [15] [16] [17] , it was thought that one had to cool the liquid down into the two-phase region, and to shear off and break the dendrites rheo-casting and rheo-die casting [18] [19] [20] [21] [22] [23] . From these studies it was found, that if the melt temperature was chosen so that many nuclei could be produced ("extensive nucleation"), and if they did not melt back into the bulk liquid, then a slurry with the ideal semi-solid structure could be produced directly from the melt.
METHODLOGY 2.1 Computational Fluid Dynamics
Computational fluid dynamics [24] is method for simulating fluid flow, heat and mass transfer and phenomena related to solving mathematical equations numerically. The elements in the melt bulk are simulated via flow rate  , pressure , specific weight  and energy  , and are summerized in the fuild flow equation [24] : (2) where  is the density of the diffusing material (continuity = 1; -momentum = ; -momentum =  and energy =  ), V is the volume of the control volume element,  is the surface area of the control volume element, and  is the collective diffusion coefficient for density.
Solidification model
This model is applied to simulate processes involving heat transfer and solid-liquid-vapor transformations, used in the FLUENT software. In this software the target function is enthalpy. The enthalpy  of a system can be calculated as a the sum of apparent  , and latent heats  ; with   as the reference enthalpy,   as the reference temperature and   as the isobaric specific heat [25] :
The liquid fraction can be determined as [16] :
The numerical geometry and the predefined section in cooling channel
The latent heat  can be found as:
where  is the latent heat during the crystallization process of metals and alloys. The value of latent heat can vary from 0 (for solid) to  (for liquid). In the case of the solidification of a multicomponent alloys, the theoretical liquidus temperature can be calculated as follows [25] :
where:   is the weight fraction of the -solute;   -is the curvature for   . For solidification problems, the governing energetic equation can be written in the form:
where  is the specific weight;   -is liquid velocity;   -is the distribution coefficient at the solid/liquid interface, and  -is the internal source of heat. The solution for the temperature field is the an irrelative solution of the flow equations (2) - (4), governing the energetic equation (9) and equation for the liquid fraction (7).
Modelling and Nummerical Simulation
One of the key points of interest in the continuous rheo-casting process is the mushy zone, which is the area where liquid and solid exist simultaneously, and until before the final solidification when and the strand cannot be cut to the final dimensions. The mushy zone and its position are also important for the microstructure and defect formation. The solidification process begins when the liquid metal is exposed to the cooled roller, and it depends on employing the appropriate time and casting speed.
The simulation in this study was conducted to solve the stability problem (proper appropriate time). The numerical simulation of to determine the stabilizing time of the alloy crystallization was carried out by used ANSYS FLUENT (ANSYS Workbench -Fluid Flow (FLUENT)) code [26] , assuming that the metal was poured from a graphite container down into a cooling slope and then to cooling rollers. Table 1 [28] . The contact resistance (Rc) 
RESULTS AND DISCUSSION
As shown in Figures. 2a, at 0.1, 1, 2, 2.9, 3.0 and 3.1 s, the temperature contours are fairly uniform through the melt front and solid material. In the continuous rheo-casting process, it is important to pull out the solidified metal at the proper time.
If the metal is pulled out too early, it may still be in a mushy state. If it is pulled out too late, it could solidify in the casting pool and cannot be pulled out as a whole. An optimal pulling rate can be determined from the profile for liquidus and solidus temperatures. Microstructures of the casting from the periphery to its center (point 5 to point 1) are shown in Fig. 3 . The grain size at the contact surface (point 5) is finer than that at the casting center (point 1), but several traces of dendrites are still visible on the surface (Fig. 3b) . The best globular grains are present in the middle (points 2-4, Fig. 3c ). In the casting center the grains became rounder but coarse (Fig. 3d) .
This difference in microstructures is explained by the change of in cooling rate from between the surface area in contact with the cooling roller and the casting center. Because the solidification proceeds from the contact surface to the casting center, the cooling rate of the first must be always higher than that of the second. Moreover, a dendrite fragmentation is expected to take place, creating the ideal nuclei and leading to the globular microstructures, which are well developed at in the middle section, as shown in Fig. 3c .
In the continuous rheo-casting process, the solidified metal is continuously pulled out from the solidified domain. The liquid pool, the mushy zone and the solidified shell are shown in Figure. 4 (a). Consequently, the solid metal will have a finite velocity that which needs to be considered taken into account by in the enthalpy-porosity technique.
As mentioned, the enthalpy-porosity approach treats the 
where  is a small number (0.001) to prevent division by zero; Amush is the mushy zone constant, and    is the solid velocity which corresponds to the pulling of the solidified material out of the solidified domain (also referred to as the pull velocity).
An exact calculation of the pull velocity for of the solid metal is dependent on the Young's modulus and Poisson's ratio of the solid and the forces acting on it. ANSYS FLUENT uses a Laplacian equation to approximate the pull velocities in the solid region based on velocities at the boundaries of the solidified region [25] :
The density profiles corresponding in to different times (at This research approach and results shed light on various advanced casting processes [29, 30] and modeling [31] [32] [33] [34] .
CONCLUSIONS
The 
